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The structures of five polyiodide salts, [Co([9] ([9] aneS 3 = 1,4,7-trithiacyclononane, [12] aneS 4 = 1,4,7,10-tetrathiacyclododecane, [14] aneS 4 = 1,4,8,11-tetrathiacyclotetradecane) exhibit a range of polyiodide and polyanionic framework structures. In (1) the charge on the Co III cation is balanced by three I À 3 anions, which along with a neutral di-iodine molecule form I 3À 11 rings in an extended structure comprising undulating chains of alternating I 3À 11 rings and complex cations. In (2) the complex cation is linked to two tri-iodide anions by SÁ Á ÁI interactions into well separated sheets of cations and anions, while in (3), I
À 5 anions are linked by IÁ Á ÁI interactions into helices which are crosslinked by SÁ Á ÁI contacts to form sheets. Rather longer IÁ Á ÁI contacts in (4) assemble I À 3 ions into 2 Â 2 rods, which are linked into a three-dimensional network by SÁ Á ÁI contacts. In (5) the N atom of the acetonitrile solvent molecule forms an array of four weak C-HÁ Á ÁN hydrogen bonds to the macrocycle. The extended structure comprises corrugated zigzag chains of polyiodide rings formed by linked I
Introduction
It is well known that I 2 is the dihalogen with the highest ability to catenate into oligomeric polyanions, which can assume a wide range of structural motifs (Svenson & Kloo, 2003; Aragoni et al., 2003) . Most of the known polyiodides have the general formula (I 2m+n ) n-, which formally implies the addition of m I 2 molecules to n iodide ions. Examples of small polyiodides belonging to this family, such as I (Svenson & Kloo, 2003; . However, an I-I distance of ca 3.6 Å is commonly considered to be the borderline for the identification of the basic polyiodide unit in extended multi-dimensional polyanionic networks (Svenson & Kloo, 2003; Aragoni et al., 2003) : values lower than 3.6 Å therefore identify the polyiodide unit, while values higher than this limit should be considered to be contacts between polyiodide units. Following this criterion, we have recently described several unusual multi-dimensional polyiodide arrays, obtained with a variety of metal complex cations (Horn, Blake, Champness, Garau et al., 2003; Aragoni et al., 2004) , and in particular with metal thioether macrocyclic complexes (Blake et al., 1995; and free ligands (Blake, Devillanova, Garau et al., 1998) as templating agents. Metal complexes of such ligands were chosen as templates in order to achieve control over the architecture of the resultant polyiodide arrays because the shape, size and charge of the complex cations can be readily tuned by altering the metal ion or the macrocyclic ligand. Indeed, these features of the counter-cation are considered to play an important role in determining the solid-state organization of the associated polyiodide anion. Furthermore, other structural factors such as SÁ Á ÁI and M + ÁX À ÁI 2 (X = halogen) interactions involving the templating metal complex may also play a crucial role in achieving control over the architecture of the resulting polyiodide network (Svenson & Kloo, 2003; Blake, Devillanova, Garau et al., 1998; .
Polyiodide catenation has been shown to produce networks of varying topology by employing as templates a range of complex metal thioether cations differing in charge, shape and size. We have been able to draw some provisional conclusions:
(i) BF À 4 or PF À 6 metal salts in combination with excess diiodine generally result in the self-assembly of polyiodide species, while metathesis reactions using preformed I ions generally yield isolated polyiodide units, typically triiodides;
(ii) the shape and charge of the cation direct the transfer of geometrical properties to the polyiodide network; (iii) long SÁ Á ÁI and MÁ Á ÁI contacts favour lower dimensionality in polyiodide networks, the geometry of which differ from those predicted solely from the shape of the complex cation template;
(iv) the formation of higher-dimensional polyiodide networks is often impeded by the presence of SÁ Á ÁI and MÁ Á ÁI contacts common in the products of metathesis. One of our key objectives in this work was to determine whether these provisional conclusions are more generally valid. We have pursued this by using the complex cations [Co([9] (Bell et al., 1987) were prepared according to literature methods.
FT-Raman spectra (resolution 4 cm
À1
) were recorded at room temperature on a Bruker RFS 100 FTR spectrometer fitted with an In-Ga-As detector and operating with an excitation frequency of 1064 nm. Power levels of the Nd:YAG laser source varied between 20 and 100 mW. The solid samples were packed into a suitable cell and fitted into the compartment designed for 180 scattering geometry. The number in parentheses following each wavenumber value represents the intensity of the peak relative to the strongest (= 100). 
Synthesis of [Co

Crystal structure determinations
Experimental data are given in Table 1 .
1 Diffraction data for (1)-(5) were collected on Stoe Stadi-4 four-circle diffractometers equipped with Oxford Cryosystems open-flow nitrogen cryostats operating at 150 (2) K (Cosier & Glazer, 1986) as !-scans using a learnt-profile method (Clegg, 1981) . Corrections for absorption were applied either by an integration method based on face-indexing (Stoe & Cie, 1996b) or by scans (North et al., 1968) . The structures were solved by direct methods (Sheldrick, 1990; Altomare et al., 1994) and developed by iterative cycles of least-squares refinement and difference-Fourier synthesis (Sheldrick, 1998) . H atoms were placed geometrically and treated in refinement as part of a riding model, with the exception of the solvent methyl H atoms in (5), which were located from a circular differenceFourier synthesis and refined as part of a rigid rotating group. The structure analyses were routine except in the case of (4), where the structure exhibits co-facial disorder of the entire [Pd([12] aneS 4 )] 2+ cation: the macrocyclic ring components occupy a common plane from which the metal sites are displaced in opposite directions. The disorder was modelled as a major [0.824 (3)] and a minor [0.176 (3)] component. The atoms of the major component were refined with anisotropic displacement parameters, while the C atoms of the minor component were refined with a common U iso of 0.028 (9) Å 2 . A distance restraint of 1.54 (1) Å was applied to all C-C distances in the structure and similarity restraints were applied between the two disorder components. Illustrations were produced using SHELXTL (Bruker, 2001) and MERCURY (Macrae et al., 2006) .
Discussion
Synthetic considerations
Different synthetic procedures for the preparation of polyiodides have been reported in the literature, the most common route involving the addition of different amounts of I 2 to an iodide or tri-iodide salt of the appropriate cation in a single phase (Tebbe & Buchem, 1997) . Alternatively, a metathesis reaction can be employed, especially for the synthesis of small polyiodides, in which preformed I À 3 or I À 5 is reacted with a salt of the desired cation: in this case it is rare for a polyiodide species different from that used as the starting material to occur in the final product (Blake, Gould et al., 1999) . In our attempts to synthesize extended polyiodide networks, we have mainly reacted the PF À 6 or BF À 4 salt of the metal complex cation with excess I 2 in a single phase, generally in MeCN solution. In this way the driving force of the process is the template effect of the metal complex with the preferred polyiodide species being formed by self-assembly. In this last synthetic method, the identity of the species responsible for the reduction of di-iodine and the kinetic mechanism leading to the formation of polyiodides has not been established. For the compounds reported herein, we have used both metathesis reactions and reactions of excess I 2 with PF . This represents the first example of the self-assembly of a polyiodide species at a thioethermacrocycle metal complex template concomitant with oxidation of the metal centre.
Molecular geometry
Molecular geometry parameters for (1)À(5) are listed in Table 2 .
cation lies on a crystallographic inversion centre, one of the tri-iodide anions lies across a twofold axis while the other lies in a general position, and the iodine molecule lies across another twofold axis. The three independent Co-S distances of 2.242 (2), 2.252 (2) and 2.259 (2) Å are very similar and the S-Co-S angles lie close to 90
, conferring an octahedral coordination on the Co III centre which is similar to that seen in [Co(C 6 H 12 S 3 ) 2 ](ClO 4 ) 3 (Kü ppers et al., 1986) . The tri-iodide anion across the twofold axis exhibits two I1-I2 distances of 2.9419 (14) Å and a near-linear I-I-I angle of 179.21 (4) , while the second anion shows inequivalent I-I distances of 2.8225 (10) Å for I4-I5 and 3.0593 (11) Å for I3-I4, with an I-I-I angle of 175.75 (3) . The variation in these distances is related to the different contacts formed by iodine centres (see x3.3.1 below). Likewise, the iodine molecule shows an I-I distance of 2.7577 (16) Å , somewhat longer than the value of 2.715 (6) Å in crystalline di-iodine at 110 K (van Bolhuis et al., 1967) . 2+ cation with a range of anions (Setzer et al., 1983; Blake et al., 2001; Nishijo et al., 2004) , where the Ni-S distances range between 2.371 (1) and 2.408 (2) Å . The I-I distances [I1-I2 2.8959 (10), I1-I3 2.9433 (10) Å ] are inequivalent due to the involvement of I3 in an intermolecular SÁ Á ÁI interaction, and the I-I-I angle is 178.25 (2) . Although its cobalt(II) analogue Criterion for observed reflections 2+ cation located on a crystallographic inversion centre, with the atoms of the I À 5 anion in general positions (Fig. 3) . The Ni-S distances [2.365 (2), 2.395 (2) and 2.395 (2) Å ] again lie in the expected range, as do the S-Ni-S angles [88.76 (8), 88.91 (8) and 89.27 (8) ]. The anion exhibits the pattern of alternating longer and shorter I-I distances, one angle of around 90 and two of around 180
, which are typical of a distorted V-shaped I (Fig. 4) . The cavity of the macrocycle is too small to accommodate the Pd II or Pt II cation (Blake et al., 1994) A view of the structure of (2) with atom-numbering scheme and ellipsoids drawn at the 50% probability level. The second macrocycle is generated from the labelled one by the symmetry operation (2 À x, Ày, 2 À z).
Figure 1
A view of the structure of (1) with atom-numbering scheme and ellipsoids drawn at the 50% probability level. The second macrocycle is generated from the labelled one by the symmetry operation ( ; see Table 3 ) with a H atom in one of the two methylene groups adjacent to each sulfur in the propyl linkages: given that these are likely to be the H atoms most activated to accept weak hydrogen bonds, we believe that these interactions are significant. The two I À 5 anions have generally similar geometries but differ in detail, with I1-I5 being more symmetrical and displaying a much more acute central I-I-I angle [78.50 (4) ] than I6-I10 [90.60 (4) ]. These differences may be due in part to the different environments of the two anions: for example, I1-I5 forms significant intermolecular contacts only through its terminal atoms, while I6-I10 also interacts through other I atoms (see x3.3.5). However, the I-I distances indicate that [I À Á2I 2 ] is the best description for both I A view of the structure of (5) with atom-numbering scheme and ellipsoids drawn at the 50% probability level. The view is towards the less exposed face of the cation and the broken lines indicate C-HÁ Á ÁN interactions between the acetonitrile solvent molecule and the macrocycle. Symmetry code: # (1 À x, 1 À y, 1 À z).
Figure 4
A view of the structure of (4) with atom-numbering scheme and ellipsoids drawn at the 50% probability level. Only the major disorder component is shown. The uncoordinated tri-iodides lie along crystallographic twofold axes.
Figure 3
A view of the structure of (3) with atom-numbering scheme and ellipsoids drawn at the 50% probability level. The second macrocycle is generated from the labelled one by the symmetry operation (1 À x, 1 À y, 1 À z).
Extended structures
Intermolecular geometry parameters for (1)- (5) are listed in Table 3 .
. By considering IÁ Á ÁI contacts of up to 4.0 Å , it is possible to construct twisted rings each containing 11 I atoms (Fig. 6) . Each ring comprises three tri-iodide anions and one di-iodine molecule and in addition to the bonded distances described in x3.2.1 its assembly requires two I3Á Á ÁI6 contacts of 3.384 (2) Å and two I1Á Á ÁI5 ( 1 2 À x, À 1 2 + y, 3 2 À z) contacts of 3.905 (2) Å . It is possible to visualize cages around the cations by invoking longer IÁ Á ÁI contacts of up to 4.15 Å between the 11-membered rings, but this construction is unconvincing and inelegant. In contrast, considering S1Á Á ÁI1 interactions of 3.709 (2) Å between the I1 atoms in these 11-membered polyhalide rings and the S1 atoms of the macrocyclic cation allows the extended structure to be visualized as undulating chains comprised of alternating I 3À 11 rings and complex cations running along the [101] direction (Fig. 6) . Each cation is linked to two polyiodide rings, with all S1Á Á ÁI1 interactions being equivalent. Interestingly, very similarly shaped 14-membered polyhalide rings are formed at the [(16] 2+ cation is linked to two tri-iodide anions by S7Á Á ÁI3 (1 + x, y, z) interactions and there is no extended structure. However, taking into account the slightly longer S4Á Á ÁI2(x, 1 2 À y, 1 2 + z) contact of 3.796 (2) Å reveals well separated sheets of cations and anions (Fig. 7) . These two contacts are supplemented by longer SÁ Á ÁI contacts of 3.983 (2) and 3.970 (2) Å : as in each case the latter involve the other macrocycle in the same cation, they do not affect the dimensionality of the structure. It is interesting to note that the I À 3 salts of metal complexes of thioether macrocyclic ligands synthesized so far (all by metathesis) generally show isolated I À 3 units (Blake, Gould et al., 1999; (Blake, Gould et al., 1999) , in which poly-I À 3 chains and puckered layers, respectively, are formed via IÁ Á ÁI interactions. The extended structure of (1) exhibits 11-membered iodine rings. SÁ Á ÁI interactions between these rings and the S1 atoms of the macrocyclic cation lead to the formation of undulating chains comprised of alternating I 3À 11 rings and complex cations running along the [101] direction. Table 3 Intermolecular IÁ Á ÁI, SÁ Á ÁI and CHÁ Á ÁN contacts (Å , ) for (1)-(5).
(1) (2) (3) (4) (5)
ix 3.639 (3) S1Á Á ÁI2 xi 3.771 (2) S4Á Á ÁI2 xii 3.775 (2) S8Á Á ÁI3 xiii 3.754 (2) S8Á Á ÁI4 xi 3.887 (2) C5H5AÁ Á ÁN1S 2.62, /CHN 144 C7H7BÁ Á ÁN1S 2.62, /CHN 142 C12H12AÁ Á ÁN1S 2.53, /CHN 151 C14H14BÁ Á ÁN1S 2.60, /CHN 149 with the transfer of geometrical properties (helicity) from one crystal component to the other mediated by hydrogenbonding interactions (Horn, Blake, Champness, Garau et al., 2003; Three views of the extended structure of (3), along the (a) a, (b) b and (c) c directions. The view along a is parallel to the helical axis and shows the relationship of the helices and the cations; the view along b is a spacefilling plot showing the helices running along the a direction and crosslinked by SÁ Á ÁI interactions; the view along c provides an orthogonal aspect of the helices and cations. (Fig. 9, upper view) . Respective S10Á Á ÁI5 and S4Á Á ÁI9(1 À x, Ày, Àz) contacts of 3.561 (3) and 3.639 (3) Å result in a three-dimensional network, as shown in the lower view in Fig. 9 . (Fig. 10, upper view) . The polyiodide network is built up from I À 5 anions connected through IÁ Á ÁI contacts of 3.543 (2), 3.913 (2) and 4.179 (2) Å for I6Á Á ÁI10(1 À x, Ày, 1 À z), I5Á Á ÁI6(1 À x, Ày, 1 À z) and I1Á Á ÁI6(1 À x, 1 À y, 1 À z), respectively, which form the polyiodide rings, while I1Á Á ÁI8(À1 + x, 1 + y, z) contacts of 3.693 (2) Å connect the rings to form chains. Metal complex units are attached to the polyiodide network by SÁ Á ÁI contacts which then join the chains to form layers: thus, the polyiodide chains are linked not by IÁ Á ÁI contacts, but by SÁ Á ÁI interactions [S1Á Á ÁI2(1 + x, y, z) 3.771 (2), S4Á Á ÁI2 (Àx, Ày, Àz) 3.775 (2), S8Á Á ÁI3 (Àx, 1 À y, Àz) 3.754 (2) Å ]. The first of these is supplemented by a somewhat longer S8Á Á ÁI4 (1 + x, y, z) interaction of 3.887 (2) Å . An additional linkage occurs through solvent molecules hydrogen bonded to the complex cations. The methyl group of the acetonitrile is embedded in the polyiodide network: the individual C-HÁ Á ÁI contact geometries (IÁ Á ÁH 3.305-3.654 Å ; C-HÁ Á ÁI 114-133 ) are not particularly convincing for hydrogen bonding and it is probably better to describe the situation as a positively charged methyl group lying within a polyanionic region. Overall, these interactions generate a three-dimensional network. Interestingly, the location of the solvent molecules in the middle of the tenmembered polyiodide rings formed by linked I À 5 units (Fig. 10 , middle view) suggests that they have a role as a template for this polyanionic structure, as shown by a space-filling diagram (Fig. 11) . In (5) Blake, Lippolis et al., 1996) . The final view in Fig. 10 is along the c axis and illustrates the IÁ Á ÁI and SÁ Á ÁI interactions and the corrugation of the polyiodide sheets of linked poly I À 5 rings.
FT-Raman spectroscopy
The crystal structure determinations indicate that all the higher polyiodide species I nÀ 2mþn may be regarded as weak or medium-weak adducts of the types
, where m is the number of di-iodine molecules and n is the number of I À anions, which can be present as I Two views of the extended structure of (4), both along the c axis. The upper view shows how long IÁ Á ÁI contacts of 4.036 (3), 4.112 (3) and 4.174 (3) Å (shown as blue dotted lines) assemble ions into 2 Â 2 rods running along the c axis. The lower view shows how the three-dimensional network is built up by SÁ Á ÁI contacts (shown in cyan) between the rods. tri-iodides exhibit two additional bands near 130 ( 3 ) and 80 cm À1 ( 2 ) with medium to weak intensities (Deplano et al., 1994) . For all three types of polyiodide adduct described above, each elongated I 2 molecule will show only one band in the FT-Raman spectrum [the (I-I) stretching vibration] in the approximate range 180À150 cm À1 , the exact value depending on the degree of I-I bond elongation (Deplano et al., 1992) . However, FT-Raman spectroscopy cannot provide any structural information on the topological features of an extended polyiodide network, because the technique can only detect the presence of I À 3 anions and slightly elongated diiodine molecules, along with some information on the degree of distortion and elongation of these two units, respectively. In this respect, the structural features of the reported polyiodides are consistent with their FT-Raman spectra. Compounds (2) and (4) each show in their FT-Raman spectra two peaks at 129, 113 and 125, 110 cm À1 , respectively, which can be assigned to the antisymmetric and symmetric stretching vibrations, respectively, of the slightly asymmetric tri-iodides. The two peaks observed in the spectrum of (3) A space-filling view of (5), illustrating the possible role of solvent molecules as a template for this polyanionic structure.
Figure 10
The top view of (5) is a projection along the a axis illustrating the zigzag chains of iodine rings formed by linked I À 5 units running along the b axis and the SÁ Á ÁI linkages which attach the cations to the polyiodide network, which assemble the chains into sheets. The middle view along the b axis shows the SÁ Á ÁI interactions between the polyiodide sheets and the complex cation leading to a three-dimensional network, and C-HÁ Á ÁN interactions between the complex cation and the solvent molecule. The bottom view along the c axis is an alternative illustration of the IÁ Á ÁI and SÁ Á ÁI interactions and the corrugation of the polyiodide layers. the symmetric I À 3 present in the crystal structure, while the other two peaks at 168.2 and 149.9 cm À1 can be assigned to the stretching vibrations of the two differently perturbed di-iodine molecules, one of which (I4-I5) interacts with I3 to give a very asymmetric I À 3 which can be described as an [I À ÁI 2 ] adduct. The peaks at 168.9, 163.2 and 154.5 cm À1 observed in the FT-Raman spectrum of (5) can be assigned, respectively, to the stretching vibrations of the perturbed di-iodine molecules I9-I10, I6-I7, I1-I2 and I4-I5 belonging to the I À 5 anions. The peak at 115.7 cm À1 is attributed to a symmetric I À 3 formed by decomposition of the sample under laser irradiation.
Concluding remarks
The combination of (Lewis acidic) molecular di-iodine with (Lewis basic) iodide or tri-iodide anions to form extended donor-acceptor arrays is a remarkable example of selfassembly. Over the last 10 years we have established the great flexibility of polyiodide catenation to produce networks of varying topology by templation about a range of metal complexes of thioether macrocycles differing in charge, shape and size. At this stage some general conclusions can be drawn:
(i) From a synthetic point of view the best approach is to react a BF ions generally afford compounds in which the polyiodide units (normally tri-iodides) are isolated and rarely form extended structures through short IÁ Á ÁI contacts.
(ii) An effective direct transfer of geometrical properties (templation) from one crystal component (cation) to the other (polyiodide network) has been frequently observed, and is generally determined by the shape and charge of the cation template and directed by HÁ Á ÁI interactions.
(iii) Long SÁ Á ÁI and MÁ Á ÁI contacts can tip the balance towards polyiodide arrays of lower dimensionality and different geometry than would be expected on the basis of the shape of the complex cation template.
(iv) SÁ Á ÁI and MÁ Á ÁI contacts, which are very common in products of metathesis reactions, frequently hamper the formation of multi-dimensional polyiodide networks. In these cases the extended structure involves both the cation and the anion.
Although we were able to draw the conclusions (i)-(iv) above in previous papers, we were only able to do so in a preliminary manner. The present work has, therefore, greatly contributed to defining more precisely the border between the different outcomes that can be expected from metathesis reactions versus those resulting from using excess iodine. Owing to the nature of the various interactions involved, exceptions to general trends are always possible and it is for this reason that the study of additional structures is necessary to obtain confirmation of the general relevance of conclusions (i)-(iv). We therefore selected for both metathesis and excess iodine reactions those metal cations which, according to our experience of earlier reactions, offered a good variability in shape, charge and size.
The use of stable metal complexes of macrocyclic ligands to provide a range of cationic templates is an especially promising strategy. It fulfils the four general requirements (i)-(iv) set out in the previous paragraph and will provide further insight into the factors that determine templation in the selfassembly of polyiodide arrays.
